Intact spinach (Spinacia okracca L.) leaf peroxisomes were supplied with glycolate and one to three of the amino acids serine, glutamate, and alanine, and the amount of the respective a-keto acids formed in glyoxylate transamination was assayed. At 1 millimolar glycolate and I millimolar each of the three amino acids in combination, the transamination reaction reached saturation; reduction of either glycolate or amino acid concentration decreased the activity. The relative serine, glutamate, and alanine transamination at equal amino acid concentrations was roughly 40, 30, and 30%, respectively. The three amino acids exhibited mutual inhibition to one another in transamination due to the competition for the supply of glyoxylate. In addition to this competition for glyoxylate, competitive inhibition at the active site of enzymes occurred between glutamate and alanine, but not between serine and glutamate or alanine. Alteration of the relative concentrations of the three amino acids changed their relative transamination. Similar work was performed with intact oat (Avena sativa L.) leaf peroxisomes. At 1 millimolar of each of the three amino acids in combination, the relative serine, glutamate, and alanine transamination was roughly 60, 23, and 17%, respectively. Similarly, alteration of the relative concentration of the three amino acids changed their relative transamination. The contents of the three amino acids in leaf extracts were analyzed, and the relative contribution of the three amino acids in glycine production in photorespiration was assessed and discussed.
During photorespiratory metabolite flow, the conversion of glycolate to glycine occurs in the peroxisomes (12, 13) . Glycolate is oxidized to glyoxylate catalyzed by glycolate oxidase, and the glyoxylate is transaminated to glycine. The amino donor of the above transamination is still not quite resolved. Several different laboratories reported results that are not in total agreement. (a) Two aminotransferases were extracted from isolated spinach leaf peroxisomes and separated from each other (8, 10) . Serineglyoxylate aminotransferase was specific for serine, and glutamate-glyoxylate aminotransferase was active on both glutamate and alanine. However, a separate study showed that the spinach serine-glyoxylate aminotransferase which had been purified to homogeneity exhibited a maximal activity on serine and about 50% of the maximal activity on alanine (9) . (b) The above two aminotransferases were partially purified from extracts ofspinach beet leaves (15) . In the partially purified enzyme preparations, serine was a strong inhibitor ofglutamate-glyoxylate aminotransferase, whereas glutamate was not an inhibitor of senne-glyoxylate aminotransferase. In lyzed peroxisome extract containing the two aminotransferases, seine was a much preferred amino donor than glutamate in glyoxylate transamination. (c) In crude pea leaf extracts, glyoxylate transamination was more active with ' Supported by United States Department of Agriculture 83CRCR1 1298. Dedicated to Professor Harry Beevers on his 60th birthday. 2 Present address: Botany Institute, Academia Sinica, Peking. 7 serine or alanine than with glutamate (16) . (d) Feeding of '5N-labeled alanine or glutamate to oat leaves in vivo showed that about 3 times more alanine than glutamate was incorporated into glycine of the glycolate pathway, when the pool size of the two labeled amino acids appeared to be similar (1).
In the above-mentioned enzyme work, the properties of the enzymes were studied with crude extracts, lysed peroxisomes, partially purified, and purified enzymes. The activities of the enzymes in their proper combination and organization in intact peroxisomes are unknown. Inside the peroxisomes, the aminotransferases will have to compete with one another for glyoxylate. Its actual activity is also dependent on the concentrations of the various amino acids present, which in turn rely partially on the permeability of the peroxisomal membrane. Thus, a more appropriate approach to explore the relative contribution of the amino acids in glycine production is to observe the conversion of glycolate to glycine in intact peroxisomes in the presence of a combination of amino acids at concentrations expected to occur in vivo. This approach would also avoid the uncertainties of uptake and pool size ofdifferent amino acids in an in vivo study, as in the study with oat leaves (1) in which the workers attempted to eliminate these uncertainties.
The technique of obtaining and handling isolated, intact peroxisomes for in vitro studies has become available-recently (5, 6, 1 1). We now report our studies using intact leaf peroxisomes to analyze the relative contribution of the three major amino acids in glycine production in the presence of glycolate. We employed HPLC to analyze the production of different a-keto acids from a combination of radioactive amino acids, so that the amino acids could be applied together for a direct observation of their relative contribution as well as their inhibitory effect on the contribution by other amino acids. In Intact spinach leaf peroxisomes suspended in a solution containing 1 mM Hepes-NaOH (pH 7.5) and 0.25 M sucrose were isolated from spinach leaves in Percoll density gradients after velocity centrifugation as described (5) . All buffers, including those in the grinding medium, Percoll gradients, and wash medium were replaced with Hepes-NaOH of the same molarity. The combined peroxisomal fraction from four gradients was essentially free of chloroplast or mitochondrial contamination. It was washed and centrifuged three times to remove the Percoll (5). The yield was 0.5 ml containing about 0.3 to 1.0 mg peroxisomal proteins. About 95% of the peroxisomes in the suspension were intact, as judged by three different integrity tests (5) . The isolated peroxisomal fraction was used immediately.
The isolation of intact peroxisomes from oat leaves followed the procedure described above. In the Percoll gradients of the oat preparation, intact peroxisomes (hydroxypyruvate reductase activity as marker) migrated to a region in the gradient having a refractive index of 1.360. The peroxisomal peak was free ofgreen pigment, but was contaminated by mitochondria. Three l-ml fractions with the highest hydroxypyruvate reductase activity were pooled from each of four gradients, and the combined preparation was washed by a procedure described for the spinach preparation (5) . The isolated peroxisomal fraction contained about 95% intact peroxisomes, as judged by the hydroxypyruvate reductase test (5) .
Assays of Glycolate to Glycine Conversion. Intact peroxisomes were assayed for their enzymic activity in the conversion of glycolate to glycine at room temperature (24C). The activity was assayed by determining either glycine formation from radioactive glycolate or a-keto acids formation from radioactive amino acids. Analysis of Product Glycine. Each 50-Ml aliquot of acidified reaction mixture was applied onto a column (5 x 0.5 cm) of Dowex 50 H+. The column was washed with 10 ml water to remove the organic acids. The.glycine absorbed onto the column was displaced with 10 ml 2 M NH40H, and a portion of the effluent was subjected to scintillation counting (2).
Analysis of a-Keto Acids. Each 50-,ul aliquot of acidified reaction mixture was analyzed for the radioactive a-keto acids produced by ion exchange HPLC. Two procedures were used, with the second procedure being used predominantly. Both procedures generated identical results. In the first procedure, the acidified reaction mixture was injected directly into a Water's HPLC system (Water's Associates, Inc., Milford, MA) equipped with a guard column and an Aminex ion exclusion HPX-87H column (Bio-Rad Corp., Richmond, CA). The column was eluted with 9 mm H2SO4 at a flow rate of 0.7 ml/min. In this chromatography, the unreacted amino acids were adsorbed onto the column, and the different a-keto acids were eluted into distinct fractions (see "Results"). The amount of a-keto acids produced is quantitatively similar to the amount of glycine formed, which was assayed with radioactive glycolate in a parallel assay (see the preceding two paragraphs). This quantitation was observed when the glycolate to glycine conversion was performed with one, two, or three of the amino acids.
A second procedure was adopted since, in the first procedure, the unreacted radioactive amino acids adsorbed onto the column could not be removed. In the second procedure, the reaction mixture was first treated with Dowex 50 H+ to remove the amino acids before it was analyzed for a-keto acids in the same HPLC system. Each 50-Ml aliquot of acidified reaction mixture was shaken with 30 Mll wet Dowex 50 H+ (prepared by mixing 2 g of Dowex 50 H+ with 1 ml water). After a 30-s centrifugation in a Beckman microfuge, 60 Al of the supernatant was taken. The Dowex treatment was prepared twice. The supernatant (50 ,u of the 60 ,l after the third wash) was subjected to the HPLC. The Dowex treatments removed all radioactive amino acids, and 30% of the original radioactive a-keto acids (compared to the first procedure) was sampled. The same percentage of pyruvate, a-ketoglutarate, and hydroxypyruvate was obtained whether they were present individually or in combination, and thus there was no selective retention of an individual a-keto acid. A Tables) .
RESULTS

Analyses of Reaction Products in Transamination.
A HPLC system was designed such that the production of hydroxypyruvate, a-ketoglutarate, and pyruvate from serine, glutamate, and alanine, respectively, could be analyzed simultaneously. These three amino acids are those known to be active in the transamination of glyoxylate to glycine in leaf peroxisomes (1, 8-10, 15, 16) as well as most abundant in spinach leaf extracts (see later). Figure 1 shows the HPLC separation of the three a-keto acids produced from their respective radioactive amino acids in an actual assay using intact spinach leaf peroxisomes.
Experiments were carried out with peroxisomes in the presence of one to three of the '4C-labeled amino acids in the presence of glycolate. A time course ofthe production ofthe three radioactive a-keto acids in combination in one assay is exemplified in Figure  2 . In the same experiment, a parallel assay of the production of [ reaction mixture (Fig. 3) . The 250-Al reaction mixture contained 47.5 nmol/min of hydroxypyruvate reductase activity, and this is equivalent to 7.3 ,ug of peroxisomal protein (assayed in a separate experiment).
Mutual Inhibitory Effect of Amino Acids in Transamination. In the presence of 1 mM glycolate, a mixture of0.5 mm glutamate and 0.5 mM alanine was only slightly inhibitory to serine transamination at increasing serine concentrations (Fig. 3) . The minor inhibition did not appear to be of a competitive nature, but was most likely due to a competition among the aminotransferases for the supply of glyoxylate (see next section). Similarly, serine at increasing concentrations up to 1 mM inhibited only slightly the transamination activity of (0.5 mM) alanine or (0.5 mM) glutamate (Fig. 4) . In contrast, glutamate and alanine (Fig. 3) were competitive inhibitors of each other as amino donors in glycine formation, as revealed in the double reciprocal plots. From Dixon plots (not shown), the Ki of glutamate was found to be 1.4 mm and that of alanine, 1.1 mm. These Ki values are reflective of the K,n values of the respective amino acids.
Glycine Formation at Different Concentration Ratio of Glycolate to Amino Acids. The transamination activity in intact peroxisomes was measured in the presence of 1 mm glycolate and 2 mm of one, two, or three of the amino acids (Table I, Exp. I). Each of the three amino acids alone generated a roughly similar activity. When two amino acids were applied together, the transamination of either amino acid was reduced substantially, but the combined transamination of both amino acids was slightly enhanced. In the assay system, 2 mm oftwo amino acids together appeared to be sufficient in generating a maximal activity. Thus, when more than one amino acid was used, the reduction in transamination of each amino acid was due more to their competition for glyoxylate than to their competition for the active sites of enzymes. When 0.5 mm instead of 2 mm amino acids was used in the presence of 1 mm glycolate (Table I) , the abovementioned effect was still noticeable, although to a much lesser extent. Here, enhancement of activity due to the addition of a second (or a third) amino acid became much more pronounced (almost additive) since amino acid (0.5 mM) rather than glycolate (1 mM) was more likely to be the limiting substrate.
When the three amino acids were applied together at increasing concentrations ofglycolate, the reaction approached a maximum at I mM glycolate ( The above results also show that, at 1 mM glycolate and 1 mM each of the three amino acids together, the rate of glycolate to glycine conversion approaches a maximum; a decrease in the concentration of either glycolate or amino acid reduces glycine formation. This observation is of some significance in view of the well-documented fact that glycolate oxidase activity is some 10 times higher than the activity of each aminotransferase when the enzymes are measured at saturated substrate concentrations (13) .
Transamination with Different Amino Acids at Various Concentration Ratios. The roughly equal contribution of the three amino acids at equal molarities in the peroxisomal transamination to form glycine (Table I, Exps. I and II) was altered when they were present at unequal molarities (Table I, Exp. III). The study emphasized alanine and glutamate since they were shown to be apparently competing for the same active site in one or more aminotransferase. The ratio of glutamate transamination to alanine transamination in a mixture of amino acids shifted from 1/3 to 3/1 when relative concentrations of glutamate to alanine were altered from 0.5/2.0 mm to 2.0/0.5 mm. The shift occurred in the presence of both 2 mm (Table I ) and 0.15 mM (data not shown) glycolate and in the presence or absence of serine (Table I) .
Comparative Studies Using Oat Leaf Peroxisomes. A recent report suggests that in oat leaves, alanine contributes 3 times more than glutamate in glyoxylate transamination in photorespiration (1). In view of this report, we used intact oat leaf peroxisomes to repeat some spinach experiments described above (Table II) . In the presence of 2 (Table II) or 0.2 mm (data not shown) glycolate and 1 mM of the individual amino acids alone or in combination, serine transamination was about 2 to 3 times more active than either glutamate or alanine transamination, and also slightly more active than the transamination ofthe latter two amino acids in combination. In the absence or presence of serine (I mM), glutamate transamination was slightly less active (about 30%) than alanine transamination at an equal molarity of 1 mm. Similar to the situation in spinach peroxisomes, the relative rate of glutamate transamination to alanine transamination in oat peroxisomes varied, depending on the relative concentration ofthe two amino acids. In the presence or absence ofserine, the relative contribution ofglutamate to alanine ranged from about 1/5 to 2/1 when the relative concentration of the two amino acids was altered from 0.5/2.0 mm to 2.0/0.5 mM. This range was observed in the presence of 2 (Table II) Table III . Glutamate was 2 to 3 times more than alanine in both species, whereas the relative contents of serine varied, depending on the species, The relative contents of the three amino acids in spinach leaves (Table III) are similar to the reported values of radioactive amino acids in spinach leaves after 60 min of photosynthesis in radioactive CO2 (4) . Assuming that there is no selective compartmentation ofindividual amino acids within the cells and taking into account the results on the enzymic activities in intact peroxisomes described earlier, the proportion of serine, glutamate, and alanine utilized in the in vivo transamination of glyoxylate in both species could be estimated (see "Discussion"). In view ofthe high content ofaspartate in leaf extracts of both species, its transamination in leaf peroxisomes was examined. In the presence of 1 mM glycolate and 2 mm of one amino acid, aspartate transamination was less than 10% of the transamination of serine, glutamate, or alanine (data not shown).
DISCUSSION
According to the proposed glycolate pathway (12) , and assuming that there is no diversion and addition of the intermediates to and from other metabolic reactions, the transamination of glyoxylate to glycine in photorespiration should derive 50% of the amino groups from serine and the remaining 50% from other amino acids. This theoretical per cent contribution ofthe amino acids in the transamination is closely reflected in the enzymic activities in oat leaf peroxisomes in the presence of equal concentrations of serine, glutamate, and alanine. However, this is not the case in spinach leafperoxisomes. In spinach peroxisomes, (8, 10) . Glyoxylate-serine aminotransferase is specific for serine, whereas glyoxylate-glutamate aminotransferase is active on both glutamate and alanine but not on serine.
Whereas the enzymic activity in the peroxisomes is an important factor in determining the relative contribution of the amino acids in glyoxylate transamination in vivo, the relative concentration of the amino acids present is another important factor. Surprisingly, this latter factor has not been considered in the assessment of earlier experimental results of enzymic studies. In spinach leaf extract, the relative amount of serine, glutamate, and alanine are 100, 115, and 56, respectively (Table III) . If this ratio is also that of the concentrations of the amino acids in cytosol, a rough estimate from the spinach peroxisomal activity (Table I) suggests that the relative contributions of serine, glutamate, and alanine in glyoxylate transamination would be about 100, 100, and 60, respectively. A similar rough estimate from the oat peroxisomal enzyme activities (Table II) and amino acid contents (Table III) suggests that, in oat, the contributions of serine, glutamate, and alanine would be 100, 60, and 30, respectively. The above estimation of the relative contributions of the three amino acids in vivo depends on the validity of the assumption that the relative amount of the three amino acids in the leaf extracts is also that in the cytosol. This validity is currently unknown, but is supported by indirect evidence. The lack of a substantially selective compartmentation of the three amino acids relative to one another (less than 1-fold difference) has been reported in the chloroplasts of pea leaves (7) and vacuoles of Tulipa leaves (14) . Furthermore, the relative amount of the three amino acids in spinach (Table III) is similar to the reported values of radioactive amino acids produced in spinach leaves after 60 min of photosynthesis in radioactive CO2 (4) .
In a previous study (15) using lysed spinach beet peroxisomes, it was suggested that serine was preferred over glutamate as the amino group donor in glyoxylate transamination; when both amino acids were present, serine inhibited strongly glutamate transamination, but glutamate did not inhibit serine transamination. In contrast, our findings with intact peroxisomes from spinach and oat show that serine and glutamate exert little mutual inhibition in transamination other than a competition for glyoxylate. The discrepancy may be due to a difference in species, although spinach and spinach beet both belong to the family, Chenopodiaceae. Alternatively, it may be due to a difference in the assay conditions. In the spinach beet study, the assay consisted of lysed instead of intact peroxisomes (15) . Also, the interpretation of the nonreciprocal inhibitory effect of serine and glutamate was drawn from results using amino acids at 12 and 24 mm. Results using amino acid concentrations of a more physiological range of 0.6 to 3 mm actually agree with our information on spinach.
Our results on the enzymic activities in oat leaf peroxisomes and on the relative amounts of glutamate and alanine in oat leaf extract suggests that in vivo, glutamate contributes more than alanine in glyoxylate transamination. This suggestion is quite different from the interpretation of in vivo feeding experimental results, from which alanine was suggested to participate 3 times more than glutamate in glyoxylate transamination in oat leaves (1) . In order to have a 3-time preference ofalanine over glutamate in peroxisomal glyoxylate transamination, our results suggest that the relative concentration of alanine to glutamate should also be about 3 times in the cytosol. Since in the oat leaf extract, the amount of alanine is only one-third of glutamate (Table III) , achieving the 3-time preference of alanine over glutamate in glyoxylate transamination as suggested (1) requires a 9-time preferential localization of alanine relative to glutamate in the cytosol. This seems to be rather unlikely, although it is possible. Alternatively, the observation that in vivo alanine participated 3 times more than glutamate in glyoxylate transamination (1) may be due to the glutamate pool being larger than the alanine pool (Table III) ; this pool size effect was suggested not to be the case (1). Other possible reasons for the discrepancy include a difference in the oat varieties and a variation in the growth conditions under which the relative concentration of glutamate to alanine may alter.
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